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Abstract:  We experimentally and numerically investigate the spatial 
distribution of the emission from a photonic crystal waveguide, coupled 
with defects, that are located at the output edge. Two defects that are located 
symmetrically enhance the directivity of the beam compared to that of a 
plain waveguide, as was reported in recently conducted theoretical work. 
We further demonstrate that a single defect deflects of the beam. By 
choosing the defect resonance that is close to the edge of the pass band of 
the waveguide, where the group velocity of the beam within the waveguide 
is slow, a significant amount of deflection can be achieved. 
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1. Introduction 
The spatial control of electromagnetic emission from photonic crystal (PC) waveguides is 
important for various applications. The propagation within a PC and emission from the PC 
surface can be made directional by employing photonic bands with negative refracting or 
extremely flat dispersion properties [1-5]. It was demonstrated that a diffuse yet strongly 
directional emission is possible for frequencies that are near the photonic band edges. [6] 
However, the emission from a waveguide with an abruptly ending output shows, in general, 
poor directivity. Several studies have reported that by corrugating the surface of the PC at the 
waveguide output, the waveguide mode excites surface modes which then can be coupled to 
propagating modes of freespace, in order to form a directional beam. [7-10] A recent study 
proposes the coupling of a waveguide to defects at the termination in order to form an optical 
field distribution that is similar to that of a triple point source system, which can yield a beam 
with low angular divergence. [11] In addition to the beaming effect, the diverse dispersion of 
photonic bands leads to negative refraction (effective refractive index neff < 0) and the super-
refraction (0 < neff < 1) phenomena, which can be utilized as beam deflection devices in 
photonic circuits [12-14]. 
It may also be desirable to have a beam deflection mechanism for the waveguide emission 
without placing a deflector element in front of the waveguide output. In the present paper, we 
discuss such a design based on a PC waveguide that is coupled with cavities at the output 
edge. We follow a recent theoretical work given in Ref. [11], where the authors demonstrate 
the directivity enhancement of PC waveguide emission via coupling to cavities at the output. 
We demonstrate that, while the symmetrically placed defects enhance the directivity, as was 
predicted in Ref. [6], a single defect can induce the deflection of the beam in certain direction. 
The amount of deflection depends on the resonance frequency of the defect. In particular, a 
defect resonance that is near to the transmission band edge provokes significant beam 
deflection. 
The present paper is organized as follows. In Section 2, the PC structure is described and 
the transmission spectra of the waveguide and of the coupling defects are shown. The third 
section presents the main results of the study consisting of the simulated and measured 
angular resolved transmission spectrum of the waveguide which is coupled with defect(s). The 
last section concludes the paper. 
2. Description of photonic crystal and defects 
The 2D photonic crystal used in the present study is a hexagonal lattice of alumina rods. The 
relevant crystal parameters are as follows. The alumina rods have a diameter of 2r = 3.1 mm, 
and a dielectric constant of ε = 9.8. The lattice constant is a = 7.0 mm. The rods are 150 mm 
long. In the experiment, the out-of-plane radiation is blocked by microwave absorbers. In the 
simulations, the PC has translational invariance in the direction parallel to the rods, in order 
for the system to be treated as purely two dimensional. We only investigated the propagation 
of TM polarized electromagnetic waves, where the electric field vector is parallel to the rods 
(following the convention in the field of photonic crystal). 
We used a finite-difference-time-domain solver software (Rsoft-Fullwave) for simulating 
the PC structure. The PC has 41 layers in the ΓK direction and 21 layers in the ΓM direction. 
The waveguide is formed by removing one layer of rods along the ΓK direction. Figure 1 
shows the PC structure for measuring the resonance frequency of the individual defects that 
are located within the waveguide (left panel). 
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The transmission spectra of the bare waveguide and the defect inserted waveguide that 
were obtained from (a) an experiment and (b) a simulation are shown in Fig.1 (right panel). 
The photonic band gap of the crystal is between 12.2 GHz, 19.2 GHz. The transmission band 
of the waveguide (WG) extends from 14.8 GHz - 18.8 GHz. In photonic crystals the defect 
mode can be identified as a highly confined mode within the transmission spectrum. [16] 
 
 
Fig. 1. (color online) (left) Schematic view of the PC-waveguide structure with a defect located 
at the center. This setup is used to measure the resonance frequency of the defects. (right) The 
(a) measured and (b) simulated transmission spectra of the waveguide, and the defects of radii r 
=  0, (D0), r = 505 µm (D1), and r = 760 µm (D2), respectively. The band gap of the 2D bulk 
photonic crystal extends from 12.2 GHz - 19.2 GHz. 
The defects (D0, radius r = 0, D1, r = 505 µm and D2, r = 760 µm) exhibit resonance 
modes with measured frequencies, f0 = 16.92 GHz, f1 = 16.00 GHz, and f2 = 14.82 GHz. The 
respective resonance frequencies obtained from the simulations are f0 = 16.92 GHz, f1 = 15.90 
GHz, and f2 = 14.57 GHz. The slight displacement of the rods at and around the defect 
location can obviously induce a noticeable change in the observed resonance frequency, 
which is the main reason for the difference between measured and simulated results, 
particularly for the larger defect (D2). 
3. Angular resolved transmission spectrum of the defect coupled waveguide structure: 
In the experiment, a single detector antenna attached to a swinging arm is used to measure the 
polar distribution of the waveguide emission in 2.5 degree steps. The distance between the 
aperture of the detector antenna and the output surface of the waveguide is 780.0 mm which is 
approximately half of the distance for the far field zone λ/2 2d  (d being the width of the 
emitting surface). Since, the radiation profile is mainly determined by the local region 
containing the waveguide output and the defect, this distance qualitatively accounts for the 
radiation zone as well. The input signal to the waveguide is provided by a horn antenna at the 
other end. The signal is swept in 12 GHz - 18 GHz in 400 steps, using an averaging factor of 
32 at each step. The simulation employs a set of 37 monitors that are distributed in 5 degree 
steps along a semicircle, at a radius of 30a away from the waveguide termination [Fig. 2(a)]. 
For the spectral analysis, an electromagnetic pulse is sent through the waveguide and the 
transmitted signal is recorded by the monitors. The Fourier transform of the signal gives the 
transmission spectrum. Figure 2(a) shows a CW simulation at the resonance frequency of the 
defect, which will be discussed further below. The defect(s) are located 3a away from the 
waveguide axis. Figure 2(b) shows a single defect (alumina rod with a smaller radius) located 
on the left side of the waveguide termination. 
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 Fig. 2. (color online) (a). Schematic view of the simulated PC-waveguide structure with a 
defect located at the left edge of the output, and an array of field monitors placed along the 
semicircle. The input signal propagates upwards through the waveguide. (b). Detailed view of 
the waveguide end and the coupling defect. 
The transmission spectrum of the plain waveguide (i.e. no coupling defects) is obtained as 
a reference. Figures 3(a) and 3(b) show the plain waveguide spectrum obtained from 
experiment and simulation. As expected, the angular confinement of the beam profile is loose, 
that is narrowing slightly towards the upper edge of the transmission band due to the 
decreasing wavelength. The maxima in the transmission spectrum are well known as the 
spectral splitting of the Fabry-Perot resonances due to the coupling between the cavities 
building the waveguide. The number of maxima is therefore proportional to the number of 
cavities that are building the waveguide. [18] Figure 3(c) is the polar plot of the beam profile 
taken at f = 17.2 GHz. The main beam is accompanied by two large sidelobes. 
Figures 3(d) and 3(e) show the angular resolved transmission spectrum of the waveguide 
that is coupled with two cavities at the output. Close to f = 17 GHz, strong suppression of the 
sidelobes is noticeable from the colormap. The polar plot at f = 17.2 GHz shows that the 
angular confinement of the beam has improved, in agreement with Ref. 11. This frequency 
differs slightly from the frequency of the isolated defect resonance that was reported in 
section 2, but this was mainly due to the experimental error: The photonic crystal is 
constructed by inserting the dielectric rods into the holes in a plastic base. Inevitable yet small 
displacements of the rods between different measurement sessions can cause fluctuations in 
the observed resonance frequency, as it is highly sensitive to such disorders. 
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 Fig. 3. (color online) The angular resolved transmission spectra of: (a-c) plain waveguide, (d-f) 
waveguide + two D0 defetcs, (g-i) waveguide + single D0 defect, (j-l) waveguide + single D1 
defect. The last column shows the experimental (solid) and simulated (dashed) polar plot of the 
beam profile at 17.2 GHz (c,f, and i) and at 16.5 GHz (l) taken from their respective spectrum. 
Next, the angular resolved transmission spectra for the waveguide coupled with single 
defect D0 [Fig. 3(g), 3(h)] and D1 [Fig. 3(j), 3(k)] are shown. The single defect causes a 
deflection of the beam around its resonance frequency. The deflection occurs towards the side 
where the defect is located. However, the enhancement of directivity is lost. The polar profiles 
deviate only for the sidelobe transmission level for C0 but this is due to the slight change in 
the resonance frequency of the defect for this measurement. We kept the “plot” frequency 
fixed instead of providing a better fitting profile close to but different than 17.2 GHz. 
The time averaged angular transmission is plotted in Fig. 4(a) for the bare waveguide and 
the waveguide + 2D0 structures. It can be concluded that the presence of the cavities result in 
a strong suppression of the sidelobe emission from the waveguide. In addition, slight 
enhancement (~3 dBm) of the beam along the propagation axis is observed. In Figure 4(b), we 
plot the polar profiles of the beam that is emitted by the defect coupled waveguide, at the 
respective defect resonance frequency. These results are obtained from simulations. In 
addition to the experimentally available defect sizes, we simulated a defect which exhibit 
resonance at the lower edge of the waveguide transmission band. The polar profiles indicate 
that the amount of deflection increases as the defect frequency is located closer to the 
transmission band edge. For the defect at the band edge, the deflection is approx. 20o. The 
asymmetric profiles exhibit a side lobe as well, but these remain approx. 12 dBm below the 
main beam intensity. The defect-waveguide coupling depends on the overlap of their 
respective spatial mode distributions. The waveguide has dispersion and the spatial 
distribution of the waveguide mode is different for different frequencies. It is fair to assume 
that the defect mode remains Gaussian shaped, hence, the observed deflection rather depends 
on the change in the spatial distribution of the waveguide mode. 
The collimation of the electromagnetic wave emitted by PC waveguides was described by 
a model based on the surface modes of the PC qualitatively [7-10], and recently quantitatively 
[18]. In the case of a defect-waveguide system, a similar formulation may be developed to 
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describe the optical field for which the spatial and spectral properties are mainly by way of 
three components: the waveguide, the coupling defect(s) and the surface of the photonic 
crystal. The defect essentially acts as another radiating source and alters the optical field that 
is solely generated by the waveguide, in turn resulting in a deflection of the beam profile. The 
directivity of the deflected beam can also be improved by using surface corrugation along the 
PC surface around the waveguide output [10]. The defect-waveguide coupling can be 
improved [19], and multimode cavities can be employed resulting in different deflection 
properties 
 
Fig. 4. (color online) (a). The time averaged angular transmission profile for the bare 
waveguide and the waveguide coupled with two defects (D0). (b). The polar plot of the beam 
for different defects at their respective resonance frequencies. 
4. Conclusion 
We demonstrated experimentally that the sidelobe suppression and the deflection of the 
waveguide emission can be achieved using defects. The optimization of the defect-waveguide 
system can be performed by genetic algorithms [20] according to the particular specifications. 
In this study only the simple cavity mode is considered. This can be extended for multimode 
cavities with different mode profiles, where different radiation patterns can occur. A further 
extension might be to incorporate a tunable defect so that the resonance frequency can be 
changed within the transmission band of the waveguide. Active materials can be used to 
change the dielectric constant of the defect by way of photoexcitation or by a locally applied 
electric field. In this context, the use of three-dimensional PC with defect-waveguide coupling 
can also give interesting results. [17] 
In conclusion, the present work demonstrates that the PC waveguide coupled to defect(s) 
at the output may provide a basic template for modifying the spatial distribution of the 
waveguide emission, which can be utilized in microwave and photonic applications. 
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